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NUMERICAL MODELLING OF GROUNDWATER EXTRACTION SYSTEM TO
CONTROL EXCESSIVE WATER LEVEL

Zinaw Dingetu Shenga, Dana Barokové, Andrej Soltész

The main objective of this paper was to design groundwater extraction system to control excessive rise in groundwater
table. Its theoretical background is intended to be used for Nitra Industrial Park, which is already under construction at
northern part of the town of Nitra. For proper construction and operation of the park, there are already proposed 38
groundwater network wells from which optimum pumping rate is required to be designed to keep the groundwater level
at required elevation without causing any depletion to the resource. To address this challenge, we applied numerical
groundwater modelling system using TRIWACO simulation package. The modelling package utilises finite element
method (FEM) that can handle complex aquifer parameters for running quasi three-dimensional groundwater flow
model. Based on available hydrological, geological and hydrogeological data numerous simulations were carried out for
both - steady state and transient flow conditions.

In order to implement the transient simulation system, a 1000-year instantaneous flood wave (Qyg90) Was considered.
This research paper will present numerical modelling results on design of groundwater extraction system to maintain the
groundwater level to required elevation as well as parameters and uncertainties for design purposes.
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NUMERICKE MODELOVANIE SYSTEMU CERPANIA PODZEMNEJ VODY NA REGULOVANIE
ZVYSENEJ UROVNE HLADINY. Prispevok sa zaobera hydraulickym navrhom zniZenia hladiny podzemnej vody
v danych hydrogeologickych podmienkach priemyselného parku pozdiz rieky Nitra severne od mesta Nitra. Pre vhodné
podmienky na vystavbu a prevadzku priemyselného parku bol navrhnuty systém 38 cerpacich studni, ktoré maji
zabezpeCovat’ pozadovanu Uroven hladiny podzemnej vody v areali priemyselného parku. Na rieSenie bola pouzita
numerickd metéda kone¢nych prvkov (MKP) prostrednictvom vypocétového balika TRIWACO. Pri rieSeni sme
vychadzali z geologickych podkladov z archivu GUDS, z hydrologickych tdajov zo zékladnej pozorovacej sicte
podzemnych vod SHMU (2015b) a neskér aj z podrobného hydrogeologického prieskumu realizovaného dodavatel'skou
firmou. Na zaklade tychto tdajov bol zostaveny kvazi trojrozmerny model priidenia podzemnej vody ako v ustélenych,
tak aj neustalenych podmienkach.

Pri realizacii vypoctu neustaleného prudenia bola uvazovana navrhova povodiova vlna pri Q;gg. Predkladany prispevok
sa venuje vysledkom numerického modelovania navrhnutého hydraulického systému na znizenie hladiny podzemnej
vody v podmienkach prechodu tejto povodnovej viny v koryte rieky Nitra.

KLUCOVE SLOVA: odber podzemnej vody, piezometrickd vyska, Eerpané mnoZstvo, simuldcia neustaleného pridenia,

TRIWACO

Introduction

This research paper is conducted on the northern part of
the town of Nitra, where groundwater (GW) table is
located very close to the terrain. Its theoretical
background is intended to be used for Nitra Industrial
Park, which is already under construction at the

mentioned area. The area of interest is a plain with
amean elevation of approximately 141.5 m a.s.l. The
level of groundwater can rise up to 140.5 and 143.0 m
a.s.l. during the dry season and extreme climate
conditions (flood wave in the Nitra River), respectively.
Thus, for implementing any kind of construction in this
area, it is essential to analyse the impacts of the GW on
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the proposed structures. Moreover, as GW is pervasive
and vulnerable natural resource, it is also important to
understand its complexity and processes for proper
management.

During the construction as well as operation of the park,
the GW level is required to be below 140.0 m a.s.l. (as
requested by the investor). Hence, the TRIWACO
simulation package was used to design a the optimum
pumping rate from the proposed 38 well systems (Valco
Krej¢i, 2015) based on geological, hydrological and
hydrogeological data obtained from different companies
and institutes. Based on the data obtained, different
simulations were performed for both steady-state and
transient flow conditions. At the beginning of the simu-
lations, different parameters of the aquifer and the Nitra
River were assumed in order to calculate the ground-
water head (i.e., the piezometric head). Afterwards, all
the available data about the aquifer and the Nitra River
was used to simulate the actual piezometric heads. The
drainage and infiltration coefficients of the aquifer were
determined by comparing different simulations under
different conditions. Due to the scarcity of data and the
heterogeneity of the hydrogeological parameters with
time and space, the created model was calibrated
through a proper calibration system, where the compu-
ted and measured piezometric heads in the observation
well systems are compared.

For the steady-state simulation, the hydrological
condition of the Nitra River was artificially increased by
1.7 m in order to reach the expected water level during
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Fig. 1. Location of study area.

the rainy season, i.e., approximately 142 m a.s.l.
Consequently, the piezometric heads in the area of
interest dramatically increased. Based on the results, the
pumping rates from the proposed 38 well systems were
designed to maintain the required groundwater level.
For the transient simulation, a design flood wave
(SHMU, 2015a) at a discharge of Qoo of the Nitra
River was considered. The effect of a flood wave on the
groundwater level was examined to design the pumping
rates from the proposed well systems. The results of the
transient simulation verified that the designed discharge
for the steady-state flow is also sufficient to maintain
the required piezometric head approximately below
140.0 m a.s.l. during the course of a flood wave.

Methods and data specification
Study area

The study area is located at northern part of the town of
Nitra. It is situated between the villages of Luzianky and
Drazovce as shown in Fig. 1. Based on its
geomorphology, the area of interest is located on the
alluvial plain of the Nitra River, which is flat with the
collective characteristics of geological structures (Soték,
Vicko, 2015). This Flood plain creates an uneven wide
belt in a northwest to southeast direction, where the
width of the area is 2,750 m in the north of the town of
Nitra, but narrows down to 600 m in the area of the
town (Horvath et al., 2015).
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Obr. 1. Znazornenie zaujmovej oblasti.
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Data specification

Only data about the Nitra River were considered as the
initial internal boundary conditions. The most necessary
data about the Nitra River was obtained from the Slovak
Hydrometeorological Institute (SHMU, 2015b). For the
steady state flow, the average water level for the normal
flow was considered. For the transient flow, a design
flood wave with a return period of one thousand years
(Q1000) Was considered, based on the requirements of the
investor.

Hydro-geological studies proved that the type of aquifer
in the locality is confined; the groundwater is under
pressure. The Quaternary gravel-sand, the main part of
the aquifer, which collects groundwater is bounded by
clay layers from the bottom and the top. The INGEO,
Ltd. conducted hydrodynamic tests in 12 pumping and 3
observation wells to analyse the hydraulic conductivity
k and coefficient of transmissivity 7' (Urbanik, 2015).
The obtained results are used as input data for
simulation of the piezometric heads.

Mathematical background

A partial differential equation, which was derived from
an equation of continuity and Darcy’s law, is the general
equation for the simulation of groundwater flow. This
general equation for porous media in terms of a piezo-
metric head can be written as follows (Schwartz, Zhang,
2002):

3, 2,2, B), 3, ) o2,
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where k,, k, and k. are hydraulic conductivities in the x-,
y- and z-directions [m.s"']; S, is the specific storage [-];
h is the piezometric head [m a.s.l.]; and ¢ is the time [s].

The above equation is a general groundwater flow
equation from which any other flow equations can be
derived.

If the top of the aquifer is fixed and its change over time
is zero, the transmissivity coefficient 7 is independent
of the piezometric head 4. This coefficient can be given
as:

T=k-H 2

where 7 is transmissivity coefficient [m>s™']; k& is
hydraulic conductivity [m.s™']; and H is the thickness of
the aquifer [m].

Based on Boussinesq, an unsteady-state filtration
equation in two dimensions can be written as
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where T, and 7, are transmissivity coefficients [m%s'] in
the x- and y-directions; and W is the pumping from/to
the point source [m*s'-m?].

There are different computer-based programs used to
solve these equations. In this paper, the TRIWACO
simulation package is used to simulate the piezometric
head for the mentioned area (Royal Haskoning, 2004).
The program uses the finite element method to carry out
a simulation of the groundwater flow or head for a quasi
three-dimensional modelling system (Veliskova, et al.
2014).

Conceptual groundwater model

The TRIWACO program was used to develop the
conceptualization process and the modelling of the
groundwater for the specified domain. All the physical
hydrological, geological and hydrogeological data,
which were obtained from different companies and
institutions, were used to set the limits of the piezo-
metric head in the domain. Furthermore, river and hills
were used as physical features in setting the boundaries
of the model. In general, Dirichlet, Neumann and
Cauchy boundary conditions were applied to set out the
conceptual boundaries of the domain. However, the
Neumann boundary condition was predominantly used
to establish the boundaries of the model, whereas
Cauchy was applied to set the internal boundaries of the
model. The Nitra River was considered as the internal
boundary conditions of the model, like in (Dusek,
Veliskova, 2016), for two reasons. Firstly, the Nitra
River has a huge impact on the groundwater level at the
area of the study. Thus, during the simulation it is easier
to use the infiltration and drainage resistance of the river
as input data if the river is considered as the internal
boundaries of the model. Secondly, during the transient
simulation, the parameters of the river changed with
almost every time step. This situation could be better
applied during the simulation if the river was located
within the boundaries of the model. For the steady state
simulation, the normal water level of (140.75 m a.s.l.) in
the Nitra River was used to set the conceptual model.

In the study area, there are also 55 boreholes (Sotak,
VIcko, 2015), which were used as check (control)
points. The boreholes have assigned codes with
corresponding top and bottom elevation data, which was
used for the model’s calibration. The hydraulic conduc-
tivity of the aquifer, which was determined by a hydro-
dynamic test, was used to calculate the transmissivity of
the aquifer across the boundaries based on Eq (2).
Furthermore, INGEO Ltd. Zilina (Urbanik, 2015)
estimated the coefficient of storativity from twelve
observation and three pumping wells. The estimated
values ranged from 4.48x10” to 9.28x107 [-]. Those
values were used as input data to carry out the transient
simulation.

After creating the conceptual model, which is associated
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with the calculation grid, the next step was running the
model with its code. The conceptual model was used to
compile data which were already known about the
hydrological and hydrogeological systems; a scheme
was then prepared for designing the numerical models.
This conceptual model was taken as the parent dataset,
and the calculation grid was taken as the discretization
dataset, which had already been created for the given
model. Therefore, in order to begin the numerical
simulation, the created conceptual model was converted
to the numerical model with the help of the TRIWACO
program. It uses the finite element method of numerical
solutions to model groundwater flow or a groundwater
head Royal Haskoning (2004), Using the numerical
models, the piezometric head was simulated by an
approximation of the governing equation at specific
locations. The head was calculated at discrete points in
space and for specific values of time. The initial
piezometric heads were displayed as a contour map
from imported data.

Model calibration

Calibration is a process whereby the simulated and
measured piezometric heads are automatically
compared. All the parameters mentioned before and the
data about the observation wells were used to set up the
calibration system. The measured groundwater head in
the observation wells (BH1 to BH55) and the results of
the simulated piezometric heads were compared.

Results and discussion
Steady state simulation

The conceptual model was taken as the parent dataset
and the calculation grid was taken as the discretization
dataset, which had already been created for the given
model. In this groundwater modelling, different
simulations are created that use different parameters
based on different situations. The first simulation was
carried out directly from the conceptual model, and the
piezometric head in the boundaries of the model was
displayed as a contour map (Fig. 2). All the inherited
parameters were not modified at this stage. However, an
approximate initial piezometric head, which was closer
to the heads to be simulated, was created to speed up the
simulation. In this simulation, the activity of the Nitra
River was taken into account. The Dobrotka stream is
inactive, and there is no available data about the stream.
Thus, its impact on the simulation was ignored.
Moreover, another two sub-simulations were created
under this simulation in order to evaluate whether the
interpolation methods did or did not have different
results. Nevertheless, the results of the simulation,
which were calculated using ordinary methods (i.e., the
Triangulated Irregular Network, Kriging or Inverse
Distance to a Power method) of interpolation, showed
similar results. Thus, the methods of interpolation using

the TRIWACO simulation package do not show
significant differences in their results.

After the calibration and validation of the input data, the
impact of the hydrological situation on the piezometric
heads was tested. Therefore, the water level in the Nitra
River was artificially increased (as could be expected
during the rainy season) by 1.7 m in order to raise the
water level to approximately 142.0m a.s.l. The
simulated piezometric heads (Fig. 3) indicate that the
groundwater level around the area of interest increased
from 140.60 m to 142.35 m a.s.l. The results after this
simulation were used to design the pumping rates,
which are sufficient to keep the groundwater level
below 140.0 m a.s.]. around the area of the park.
Simultaneously, other simulations were carried out
using the same concept, but with different values for the
infiltration and drainage resistance of the river.
However, for all the possible combinations of the
infiltration and drainage resistance, the simulated
piezometric heads were approximately similar within
the model boundaries.

As can be seen in Fig. 3, where the water level in the
Nitra River was raised by 1.7 m, the groundwater
elevations around the area of interest were consequently
raised from approximately 140.55 to 142.35 m a.s.l.
Based on Darcy’s law, the permeability of the river bed
and the difference in the heads are directly proportional
to the flow rate between the river and the aquifer
(Veliskova et al. 2014) .Therefore, the above results
indicate that there is leakage from the river to the
aquifer. However, the investor wanted to keep the
elevation of the groundwater below 140.0 m a.s.l.
Hence, it was necessary to design a pumping or
drainage system to lower the level of the groundwater to
an acceptable depth. Based on these results, several
simulations were performed to determine the optimum
pumping rates from the wells to maintain the required
elevation. The simulation, which was carried out
considering a constant pumping rate of 1 1's”" from the
individual wells, showed that the required piezometric
heads were achieved on the eastern part of the area.
However, the piezometric heads along the Nitra River
were still above 140.0 m a.s.l. As a result, another
simulation was performed in the opposite direction (i.e.,
assuming constant piezometric heads of 139.75 m a.s.L.
in the wells) to compute the pumping rates from the
well systems. The pumping rates computed for the
assumed piezometric heads vary between 0.4 I's' and
5.0 I's™. Pumping the maximum rate of 5.0 I's™ from the
well systems would have a negative effect on the
quantity of the groundwater around the area as well as
on the Nitra River. Moreover, the maximum pumping
rate might also result in the collapse of the well systems.
Accordingly, the maximum pumping rate of 2.5 I's™ and
minimum pumping rate of 1 I's' are designed to
maintain the groundwater head at the required elevation
(Fig. 4). It can be seen from the contour map that the
designed pumping rate is satisfactory to assure the
required groundwater level in the vicinity of the park.
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Transient simulation

For the transient simulation, the design flood wave in
the Nitra River was used. This design flood wave at
a return period of one thousand years (Qj¢g) in the Nitra
River was determined by SHMU, where the flood wave
had a total duration of 85 hours with a culminating
discharge of 514 m3s’! (SHMU, 2015a in: Soltész et al.,
2015) Fig. 5. Using the course of this design flood wave
and the last simulation of the steady-state conditions as
explained above, the transient simulation was carried
out to compute the piezometric heads. From the curve of
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Fig. 2. Simulation results of the piezometric heads
(Contour map:PHI) [m a.s.l.] after model calibration
Obr. 2. Vysledky simulacie piezometrickej vysky
(Contour map:PHI) [m n. m.] po kalibracii modelu.
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Fig. 4. Designed pumping rates from the individual
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Obr. 4. Navrhované cerpané mnozstva z jednotli-
vyeh studni [1s™'] (detail).

the design flood wave, the Danish Hydraulic Institute
(DHI) (Misik, 2016) calculated the course of the water
level in the Nitra River with respect to the time and
stations (i.e., seven stations from KOPO to K6P6), which
were used for the simulations of transient flow. Based
on this data, different simulations were conducted to
simulate the piezometric heads and also to compare the
coefficient of storativity which was determined from the
hydrodynamic tests. The contour map and timeseries of
the piezometric heads in the 2 points (near the Nitra
river and far from the river) during and after pumping is
illustrated in Fig. 6.
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Obr. 3. Mapa simulovanych izociar piezometric-
kych vysok [m n. m.] po dlhodobom zvySeni hladiny
v toku Nitra o 1,7 m.
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Fig. 5. Designed flood wave at a discharge of Qo0
in Nitra River (SHMU, 2015a).

Obr. 5. Priebeh navrhovej povodnovej viny pre
prietok Q00 v toku Nitra (SHMU, 2015a).
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Fig. 6.

Simulated contour map of the piezometric heads [m a.s.l.] durng pumping a)

30 days before flood wave, b) at the beginning of flood wave, c¢) 1. day, d) 4. day, e) 6. day and

1) 2 weeks after the flood wave transition
Obr. 6.

Simulovand mapa izociar piezometrickych vysok [m n. m.] pocas cerpania a) 30 dni

pred prechodom povodnovej viny, b) na zaciatku, c) 1. den, d) 4. dni, e) 6. dni a f) 2 tyzdne po

prechode povodnovej viny

Conclusions

The objective of this paper was to design and assess
a possible groundwater extraction system based on the
TRIWACO simulation package. Several simulations
were carried out to evaluate the different parameters and
their effect on the outputs. In the model’s calibration
process, the measured groundwater heads in the
observation wells and the results of the simulated
piezometric heads were compared. Different simulations
demonstrated that the interpolation methods of the
parameters did not affect the output of the TRIWACO
model.

Increases in the water level of the Nitra River adversely
affect the level of the groundwater around the river. The
pumping rates from the wells were therefore designed
based on the maximum water level in the Nitra River.
The values of the calculated pumping rates varied from

515" to 0.4 I's". However, the optimum pumping rate
of 2.5 I's™ was designed for 16 wells located along the
Nitra River, and a rate of 1 I's! was designed for the
remaining 22 wells. Although the calculated pumping
rates have been rounded down to 2.5 I's”, the elevations
of the groundwater heads are still approximately kept to
the required elevation of 140.0 m a.s.L.

The results of the transient simulations, which were
carried out by considering a Qg flood wave in the
Nitra River, indicated that the piezometric heads in the
area of interest suddenly increased within a few hours
and gradually decreased to the normal position.
However, the designed pumping rate for a steady state
flow was enough to assure the required groundwater
level for the expected course of the flood wave. In order
to operate the pumping system efficiently, the
observation wells should be used for regular monitoring
of the groundwater level. Based on the information from
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the observation wells, the pumping system can be
switched on or off in order to avoid unnecessary
drawdowns in the well systems.
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NUMERICKE MODELOVANIE SYS,TF;‘MU CERPANIA
PODZEMNEJ VODY NA REGULOVANIE ZVYSENEJ UROVNE HLADINY

Predkladany prispevok sa zaoberd analyzou vplyvu
prechodu povodne Qo0 na navrhnuty hydraulicky
systém znizovania hladiny podzemnej vody v lokalite
nového zavodu Jaguar Land Rover v Nitre. Tato uloha
je z matematického hl'adiska o to zlozitejsia, Ze sa jedna
o proces neustalen¢ho prudenia ako povrchovych, tak
podzemnych vo6d v danych morfologickych a hydro-
geologickych podmienkach a len vel'mi tazko je sprav-
ne stanovit’ pri takejto ulohe okrajové a najmé zaciatoc-
né podmienky pre numerické rieSenie.

Autori vychadzali najmé z dvoch teoretickych podkla-
dov, resp. vypoctov, ktoré boli oficidlne odovzdané
objednavatelovi — Slovenskému vodohospodarskemu
podniku, 8. p. Prvy teoreticky podklad, ktory sme mali
k dispozicii bol vypocet postupu navrhovej povodiovej
viny pri prietoku Qg V toku Nitra pre tkm 65,790,
ktorej priebeh bol stanoveny SHMU (SHMU in:

Soltész, Barokova, 2016). Zneho vyplyva, Ze tato
navrhova povodiiova vina ma celkové trvanie 85 hodin,
z ¢oho 35 hodin ma vzostupny trend ana jeho konci
kulminuje pri prietoku 514 m’-s™ a priblizne 50 hodin
klesa. Celkovy objem vody, ktory pritecie pocas povod-
ne bol SHMU stanoveny na 95 mil.m’. Dal§im teore-
tickym podkladom bola predbezna sprava o vypocte
$pecifického priesaku telesom a podlozim l'avej ochran-
nej hradze v dvoch profiloch (Hudec, 2016), ktoré vyko-
nali pracovnici Vodohospodarskej vystavby, §. p., TBD
pracovisko Bratislava. Vypocéty boli zrealizované za
predpokladu neustaleného pridenia vody v rieke Nitra
pocas priebehu povodnovej viny pri uvazovani projektu
navysenia existujucich hradzi a vysledkov inZiniersko-
geologického prieskumu. K tymto podkladom sme pri
vypocte pouzili navrhnuty hydraulicky systém znizova-
nia hladiny podzemnej vody pomocou 38 studni zabu-
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dovanych po obvode budiceho automobilového zavodu
pozdiZ rieky Nitra severne od mesta Nitra, ktory pova-
zujeme z numerického hl'adiska za nemenny.

Z hradiska hladinového stavu podzemnej vody v zauj-
movom Uzemi bol pre dany vypocet uvazovany
vychodiskovy stav, ktory bol dosiahnuty po znizeni
piezometrickej vySky navrhnutym systémom 38 studni
s Gerpanim podla (Soltész a kol., 2015). Tento vycho-
diskovy stav sluzil ako zaciatocna podmienka rieSenia
pradenia podzemnej vody pri prechode povodnovej viny
podla SHMU. Pri vypolte neustilen¢ho pridenia
podzemnych vod boli re$pektované hydrogeologické
parametre tak, ako boli vyhodnotené v sprave (Soltész
akol., 2015).

Vysledky rieSenia ukdzali, Ze pri zvolenej hodnote
odporu dna rieky Nitra sposobenej kolmaticiou dna
toku dochadza, pri sicasnom Cerpani z radu 38 studni
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prof. Ing. Andrej Soltész, PhD.

Department of Hydraulic Engineering,

Faculty of Civil Engineering
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dana.barokova@stuba.sk
andrej.soltesz@stuba.sk

podla vyssie uvedeného navrhu, ku kulminacii piezo-
metrickej vysky v tesnej blizkosti hranice tizemia strate-
gického parku oneskorene o 6,5 az 10 dni. Hodnota
narastu piezometrickej vysky je 0,2 az 0,6 m na roven
140,20 — 140,60 m n. m. v zavislosti od vzdialenosti od
toku. Toto je najzavaznejsi vplyv, ku ktorému dochadza
pri prechode navrhovej povodiovej viny pri prietoku
Q000 v rieke Nitra. ZvySena tiroven bola zaznamenana
aj vsystéme odbernych studni, ale to nie je az taky
zavazny problém, Cerpadla pri plnej kapacite znizia
zvySenu uroven piezometrickej vysky za dva dni na
prijatel'na mieru (t.j. na cca 140,20 mn. m. ).

Z vyhodnotenia vysledkov numerickej simuldcie je
mozné zaverom konStatovat, Ze vplyv prechodu
povodilovej viny pri Qo Vv rieke Nitra na navrhnuty
hydraulicky systém zniZzovania urovne piezometrickej
vysky je nevyrazny.
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